Role of multisite phosphorylation in the regulation of ox kidney pyruvate dehydrogenase complex  by Sugden, Peter H. & Simister, Neil E.
Volume 111, number 2 FEBS LETTERS March 1980 
ROLE OF MULTISITE PHOSPHORYLATION IN THE REGULATION OF OX KIDNEY 
PYRUVATE DEHYDROGENASE COMPLEX 
Peter M. SUGDEN and Neil E. SIMISTER 
Nuffietd Department of G’inical Biochemistry, John Radcliffe Hospital, Headington, Oxford, OX3 9DU, Etzgland 
Received 3 January 1980 
I. Introduction 
The pyruvate decarboxylase o& tetramers (EC 
1.2.4.l)oflnammalianPD~(EC 1.2.4.1, EC 2.3.1.12, 
EC 1.6.4.3) are phosphorylated on three specific serine 
residues [I ,2]. Inactivation involves incorporation of 
1 P/a& (site 1) and complete phosphorylation 
involves incorporation of 3 P/Q& (sites 2,3) [1,3]. 
Phosphoryiat~on sites are only on the ~-subunits 
[3,4]. Phospho~lation of sites 2,3 inhibits the reacti- 
vation of pig heart PDHP by its phosphatase [5,6]. 
This has not been confirmed in ox kidney PDHP [7]. 
Here we show that there is in fact a similar function 
for phosphory~ation of sites 2,3 in both the ox kid- 
ney and pig heart PDHP preparations. 
2. Experimental 
Leupeptin was obtained from the Protein Res. 
Found,, Osaka. Sources of other chemicals, biochemi- 
cals, radiochemi& and details of PDHP phosphatase 
preparation (ox heart) are given in [2,3,5,6,8,9). PDH 
(ox kidney) was prepared essentially as in [9,10]. 
Kidneys were homogenized in 0.25 M sucrose/5 mM 
potassium phosphate/l mM EDTA (pH 7 .O) [lo]. 
Abbreviations: PDH, pyruvate dehydrogenase complex; 
PDHP, pyruvate dehydrogenase phosphate complex of 
unspecified phosphorylation state; PDHP,, PDH titrated to 
inactivation containing -1 ma1 P/mol pyruvate decarboxylase 
IX,& tetxamer; PDHP,, fully phosphorylated PDH containing 
3 mol P/mot a,& ; MOPS, 2~~-morpho~mo)propane &phonic 
acid; DTT, dithiothreitol; EGTA, ethanedioxybis (ethyl- 
amine)-tetraacetic acid; Kd, dissociation constant; n no. obs. 
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Mitochondria were collected [lo] and washed with 
0.1 mM DTT and then 20 mM potassium phosphate/ 
0.2 mM DTT (pH 7.0). They were resuspended in the 
latter buffer (40 ml~kidney), frozen and thawed, and 
treated as in [9] with the following exceptions: (a) 
pH 6.1 steps were replaced by pH 6.2 steps; (b) PDH 
was not completely precipitated at pH 5.4 and there- 
fore 0.02 vol. SO% (w/v) polyethylene glycol 6000 
was added; (c) 2-mercaptoethanol was replaced by 
DTT. The final yield of PDH was 1 O-20 units~kidney 
and it was stored at -20°C where its activity was 
stable for 21 month. PDH was 295% homogeneous 
by SDS-polyacrylamide disc gel electrophoresis 131. 
Moiecular weights of subunits were: lipoyl acetyl- 
transferase, 77 200 * 700; lipoyl dehydrogenase, 
55 400 + 400; pyruvate decarboxylase Q subunit, 
37 500 + 4OO;p subunit, 31 800 + 300 (mean +_ SEM 
for n = 18). The values for the Q and fl subunits are 
lower than obtained in [3,4]. Contrary to [I I], inclu- 
sion of leupeptin (2 ggjml) in stages from mitochon- 
drial resuspension prior to freezing and thawing 
onwards did not affect the gel pattern. 
PDH was assayed as in [9]. (One unit forms 
1 pmol NADH/min at 3O’C.j 
PDH was phosphorylated to completion with 
[y-J2P]ATP as in [3,5]. Inactivation took l-2 min 
and complete phospho~lation 20 min. incorporation 
was 1.43 + 0.03 nmol P/unit enzyme activity inacti- 
vated (mean + SEM, n = 4). This preparation will be 
called PDHPJ. 
PDH was phosphorylated to 95-98% inactivation 
as in [3,5] by repetitive addition of limiting quanti- 
ties of [y-“PJATP. Incorporation was 0.57 + 0.04 
nmol P/unit enzyme activity inactivated (mean + SEM, 
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n = 4). This preparation will be called PDHPr. 
After phosphorylation, 0.05 vol. 0.2 M EDTA 
(pH 7.5) were added to the PDHP preparations which 
were collected by centrifugation at 150 000 X g for 
2 h. PDHP was redissolved in -1 ml 20 mM potas- 
sium phosphate/2 mM DTT (pH 7.0) (30-40 units 
equiv./ml) and dialysed overnight against the same 
buffer or against 50 mM MOPS/2 mM DTT (pH 7.0). 
PDHP preparations were standardized by complete 
reactivation and dephosphorylation with PDHP phos- 
phatase [5,6]. 
Dephosphorylations were carried out with PDHP 
and PDHP phosphatase dialysed into potassium phos- 
phate or MOPS buffer (see above). For dephos- 
phorylation in potassium phosphate buffers, the final 
concentrations were: 25 mM free Mg2” (added as 
MgC12):10 mM total potassium phosphate:25 mM 
Tris-HCI:PDHP equiv. 2-4 units/ml and PDHP phos- 
phatase. For dephosphorylation in MOPS buffers, 
final concentrations were 10 mM free Mg2+ (added as 
MgC12):50 mM MOPS:PDHP and PDHP phosphatase. 
The rate of reactivation of PDHP to PDH was linear 
for a minimum of 2 min. Free Ca2+ concentrations 
were buffered using 20 mM total EGTA and various 
computed CaCl, concentrations [5.8]. For 0.1 mM 
and 0.5 mM free Ca’+, EGTA was omitted. The final 
pH was 7.0. Incubations were done in 50-100 ~1 at 
30°C and were initiated by addition of PDHP after 
1 min preincubation. After various times (1-4 min) 
samples (1 O-20 ~1) were withdrawn and assayed for 
PDH activity [9] or trichloroacetic acid-soluble 32P 
[ 121. Zero-time blanks were subtracted to allow for 
PDH activity in the PDHP (<lo% of total for PDHP, 
and <l% for PDHPa) and trichloroacetic acid-soluble 
“P. 
3. Results 
3.1. Phosphate distribution in PDHPpreparations 
The distribution of phosphate between the 3 phos- 
phorylatable serine residues was examined [13,14] 
assuming monophosphorylated tetradecapeptide was 
phosphorylated only in site 1. For PDHP,, it was site 
1 (inactivating site), 71%; sites 1 + 2, 25%; site 3, 
3%. For PDHPa, it was site 1,7%; sites 1 + 2,75%; 
site 3, 17%. The distribution was not as discrete as 
for pig heart PDHP [6,14]. The theoretical distribu- 
tion for PDHPa is sites 1 t 2, 67%; site 3,33%. It was 
considered possible that sites were not dephos- 
phorylated fully during the PDH preparation. How- 
ever, incubation of purified PDH with PDHP phos- 
phatase followed by three 2 h centrifugations at 
150 000 X g to remove phosphatase and subsequent 
phosphorylation did not alter phosphate distribution. 
3.2. Effects of the buffer system on the rate of reacti- 
vation of PDHP, and PDHP3 
Results are shown in table 1. They confirm that 
the ox kidney PDHP behaves similarly to the pig 
Table 1 
Effects of buffer system on the rates of reactivation of PDHP, and PDHP, 
Incubation Formation of active PDH Ratio 
(min) (units/ml) Mean i: SEM (n = 3) PDHP, /PDHP, 
PDHP, PDHP, 
20 mM K-phosphate/ 2 0.62 r 0.07 0.20 k O.Ola 3.10 A 0.33 
0.38 nM Ca2+ 4 0.85 + 0.06 0.24 t 0.01’ 3.55 * 0.27 
20 mM K-phosphate/ 1 1.14 + 0.15 0.49 ? 0.04a 2.31 + 0.31 
100 nM Ca*+ 2 2.12 + 0.02 1.28 t 0.07’ 1.66 + 0.08 
50 mM MOPS/ 2 0.54 + 0.03 0.103 ?: 0.004b 5.19 * 0.14 
0.38 WM Ca* 4 1.34 A 0.05 0.32 r 0.01’ 4.15 * 0.15 
50 mM MOPS/ 1 0.30 * 0.05 0.22 * 0.01 1.38 f 0.20 
100 nM Ca*+ 2 0.46 + 0.06 0.36 + 0.02 1.24 + 0.15 
Statistical significance for PDHP, incubations versus PDHP, incubations is: ap < 0.05; 
bp < 0.01; “p < 0.001 by Student’s t-test. 
Incubation media were as described in section 2.2. Free MS*+ was 25 mM for K-phosphate incu- 
bations and 10 mM for MOPS incubations. For K-phosphate incubations PDHP was 4 units/ml; 
for MOPS incubations PDHP was 3 units/ml 
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heart complex [5,6]. In potassium phosphate buffers, 
the rates of reactivation of PDHPl and PDHP3 were 
significantly different both at 0.38 PM and 100 I.IM 
free Ca2’. The ratios of the rates of reactivation are 
1.66-3.55. In MOPS buffer, there were significant 
differences in the rates of reactivation only at 
0.38 PM free Ca’+. At 100 PM free Ca*+, no signifi- 
cant differences were observed. The latter conditions 
(MOPS, 10 mM Mg*+, 100 PM Ca*+) were used by 
workers unable to detect differences in reactivation 
rate of PDHPr versus PDHP3 [7]. There was no dif- 
ference in the rates of reactivation under these con- 
ditions even though the % reactivation/min was 
relatively low compared to other experiments. (In 
the MOPS/100 FM Ca2+ experiment, the amount of 
PDHP phosphatase was reduced to decrease the pos- 
sibility that differences in reactivation rate might be 
obscured by too rapid a rate of reactivation.) The 
ratios of the rates of reactivation for PDHPr /PDHPJ 
were lower for ox kidney than described [6] for pig 
heart PDH. This may reflect a less advantageous dis- 
tribution of phosphate in sites 2,3 in ox kidney PDHP 
(16% for PDHPr against 55% in PDHP,) as compared 
to pig heart PDHP (9% for PDHPr against 66% for 
PDHP,) [14]. 
3.3. Effects of free Ca” concentration on the rate of 
reactivation and dephosphorylation of PDHP by 
PDHP phosphatase 
Results are shown in fig.1. For reactivation of 
PDHP, release of activity was significantly (at least 
p < 0.05) quicker with PDHP, than with PDHP, at 
all Ca2+ concentrations. For dephosphorylation of 
PDHP, P release was always about twice as rapid from 
PDHPs as from PDHPr. These results agree with 
observations using pig heart PDHP [ 5,6]. Apparent 
K, for free Ca2+ and maximal velocities were com- 
puted [15]. For reactivation, app. K, values were 
PDHP,, 2.05 + 0.27 MM; PDHPa, 4.67 + 0.99 PM. 
V max were PDHP,, 1 .18 +- 0.03 units . ml-’ . min-‘; 
PDHP3, 0.67 * 0.04 units . ml-’ . min-‘. For dephos- 
phorylation, app. K, values for free Ca2+ were: 
PDHP,, 3.49 + 0.68 /.tM; PDHPs, 2.60 f 0.41 PM. 
V max were PDHP,, 0.54 + 0.03 nmol P . min-’ . ml-‘; 
PDHP3, 1.02 f 0.04 nmol P . min-’ . ml-‘. Apparent 
K, values computed above were not significantly dif- 
ferent. However, at Ca2+ concentrations below app. 
K, (0.38 and 1.70 FM), the ratios of velocity: V,, 
for PDHP activation were significantly different for 
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Fig.1. Reactivation and dephosphorylation of ox kidney 
PDHP by PDHP phosphatase at various Ca*+ concentrations. 
Incubations were carried out as described in section 2.2 in 
K-phosphate buffers at 30°C. The incubations were totalvol. 
50 ~1. PDHPphosphatase (5 ~1) wasadded. After 1 min prein- 
cubation, the reaction was initiated by addition of 10 ~1 
PDHP, (0) or PDHP, (A) to final PDHP cone equiv. 4 
units/ml. Samples were removed for assay of PDH activity 
and trichloroacetic acid-soluble 32P. in (a) the rate of release 
of PDH activity is plotted against pCa’+ (-log [computed 
free Ca*+]). In (b) the rate of release of trichloroacetic acid- 
soluble 3*P from PDHP is plotted against pCa*. Results were 
corrected for PDH activity and trichloroacetic acid-soluble 
32P present in PDHP preparations. 
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K, for Ca*’ for reactivation for PDHPl and PDHP,. 
Phosphorylation of sites 2,3 increases the app. K, for 
Ca*+ for reactivation (see also [6]). The ratio of maxi- 
mal velocities of reactivation for PDHP,: PDHP, was 
1.76; for dephosphorylation it was 0.53. The latter 
presumably reflects the lower concentration of phos- 
phate groups in the PDHP, experiments and/or the 
nature of the dephosphorylation mechanism. The 
app. K, values for Ca ‘+ were lower than values 
recently obtained for pig heart PDHP [6]. This sug- 
gests that the differential rates of reactivation of 
PDHP, and PDHP, by PDHP phosphatase are inde- 
pendent of app. K,. The differences between K, 
values may have arisen because of differences in 
methods of PDH preparation [6]. 
4. Discussion 
These results demonstrate that the phosphoryla- 
tion of sites 2,3 in ox kidney PDH (see table 1) inhib- 
it the rate of reactivation of PDHP by PDHP phos- 
phatase. This behaviour was observed initially with 
pig heart PDHP [5] and these observations have been 
greatly amplified in [6]. Other workers have failed to 
observe inhibition of the rate of reactivation with ox 
kidney PDH [7]. Our results support the conclusion 
[6] that the failure to observe inhibition [7] is 
caused by the use of a different buffer system 
(MOPS/ 100 PM free Ca*‘) from that used in [5]. Using 
potassium phosphate or MOPS/O.38 FM Ca*+, reac- 
tivation of PDHP, was always more rapid than 
PDHP, (table 1, fig.1 .). The difference between results 
[5,7] is not caused by a species or tissue difference in 
the behaviour of pig heart and ox kidney PDH. 
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